Abstract. Laser optoporation of cells by local heating of plasmonic gold nanoparticles (GNPs) was proven as a favorable delivery method of molecules into cells. The optoporation efficiency depends on the laser beam intensity and GNP properties. Here, we evaluate the membrane optoporation in vitro in terms of fluorescent dye permeability under treatment of a multi-pulsed nanosecond 1064-nm laser with a sharply-focused beam. Anisotropic GNPs, such as nanorods and nanostars, were fabricated to achieve the optimal GNP-cell interaction. Nanostars demonstrated highest optoporation efficacy with more than 80% of permeabilized cells within the illuminated area. By contrast to 2 common laser techniques, the laser beam scanning method results in cell optoporation within a controllable programmed in advance irradiated area.
Introduction
Plasmon-resonant gold nanoparticles (GNPs) have received significant attention as a prospective technology in laser diagnostics and medicine. 1 One of the novel application of GNPs is cell optoporation, a temporal perforation of cell membranes by short-pulsed laser irradiation of cells with bonded lightabsorbing micro-and nanoparticles for administration of exogenous materials into cells. 2, 3 This promising technique is an efficient, relatively high-throughput and virus-free method with a potential for cell transfection. 4 Application of laser systems at NIR range will minimize the heat transferred by the electromagnetic wave to the cells, as well as maximize the penetration depth. Due to low absorption and scattering coefficients of biological tissues in NIR region, 5 which opens up the possibility to reach underneath cells for in vivo studies. The majority of studies on optoporation has been done using gold nanospheres (NSps) with surface plasmon resonance (SPR) around 530 nm 6 at visible laser shining, 7 while NIR irradiation was applied in much less effective off-resonance mode. 8, 9 The application of anisotropic GNPs 10 with SPR in NIR range will make optoporation process more effective due to precise correspondence between SPR peak position and the laser wavelength. Here, we propose and demonstrate an optimized NIR resonant optoporation of biological cells by using anisotropic nanoparticles (gold nanostars and nanorods) in combination with the pulse laser beam scanning.
Methods, results and discussion

Gold nanoparticles characterization
We used two types of GNPs: gold nanorods (NRs) with the length: 41±5, diameter: 11±1 nm and longitudinal plasmon-resonance at 800 nm; and gold nanostars (NSts) with tip-to-tip diameter 55±7 nm and plasmon-resonance at 805 nm. NRs were prepared by the seed-mediated growth method with slight modifications, 11 and gold nanostars (NSts) were synthesized with a slightly modified seed-mediated growth method as described by Yuan et al. 12 with 15-nm NSps as seeds. 13 Both types of GNPs were functionalized by mPEG-SH. The biocompatibility of synthesized GNPs was discussed in detail in our previous paper 15 and is in agreement with other examination of GNPs toxicity. 16 The chosen 17 μg/mL concentration of GNPs was sufficient for cells perforation and was non-toxic for living cells according to previous reports [9] . It is known that the coating of GNPs with neutral PEG molecules results in weak adsorption of GNPs on the cell surface and negligible cellular uptake. Accordingly, the addition of PEG coated GNPs to the cultural medium with cells should not cause a significant GNP aggregation. To verify this assumption, we recorded differential extinction spectra of NRs after 1 min, 4 h and 24 h of incubation in cultural DMEM medium with HeLa cells. Specifically, cells had been grown to 80% of monolayer on the bottom of plate wells (figure 2). Then, the initial DMEM medium without NRs was safely replaced by DMEM medium containing NRs (the final concentration of 17 μg/mL). After incubation, DMEM medium with NRs had been collected without disturbing the cell monolayer to the 1 mm cuvettes and differential extinction spectra had been recorded. Pure medium with cells was used as blank reference. Figure 2 clearly shows exceptional stability of NIP plasmon resonance peak for all incubation times. This observation leads to the following important conclusions. First, there is no significant aggregation of PEG-coated NRs in saltcontaining DMEM medium. Even if NRs are attached to the cell surface they act as individual particles without plasmonic coupling. Second, we can assume that NR uptake by cells is negligible as the plasmonic peak does not change its magnitude and position. This conclusion agrees with previously reported negligible cellular uptake for similar systems with PEG-coated NRs. 17 It should be noted that the colloidal stability of PEG-coated GNPs and their weak interaction with negatively charged cells is a common property, which does not depend on a particular size and shape of GNPs. Based on obtained results, laser irradiation was carried out without removal of the particles from the medium to obtain the maximal amount of GNPs near the cell surface. 
Irradiation of cells by a nanosecond laser in a scanning mode
NIR irradiation is preferable for in vivo investigations due to low scattering of tissues in the range. Here, we chose NSts and NRs with SPR in the NIR range for correspondence with an illumination laser wavelength (1064 nm) of scanning pulsed nanosecond ytterbium fiber laser (scan-ns-laser) (Mini Marker 2 TM , Laser Center, Russia) with a highly focused beam with the diameter of 6 µm. Irradiation parameters for laser system are presented in a  is the irradiation wavelength, τ is the pulse duration, P is mean power, fp is the pulse repetition rate, Ep is the maximum output pulse energy, ʋ is the scanning speed,  is the spot size, I is the mean power density, t is the exposure time, N is the total number of laser pulses within a single focal plane, c is the Au concentration, *Full time of irradiation during a single focal plane scanning, step 20μm and 1 pulse per step.
It is known that excessive radiation power causes melting of GNPs and breaking them up into smaller fragments [8] . To control the melting effect, we measured the extinction spectra of NSts as the most sensitive GNPs for environmental variation, before and after laser irradiation with the different pulse energy. To obtain irradiation of the whole NSts volume, we placed NSts suspensions (17 µg/mL) in the 96-well plate and scanned point by point in line mode within horizontal XY focal plane 4×4 mm 2 covered the whole surface of a single well in the plate. Irradiation parameters shown in Table. The scanning depth was 2 mm, with the distance between adjacent points in XY focal plane of 20 μm and distance between horizontal scans of 20 μm as well. Energy of a single pulse was1 µJ and 10 µJ. After irradiation, extinction of each sample was measured in a 1-mm-thick cuvette. Figure 3 shows spectra of NSts without irradiation; and after irradiation with a single pulse energy of 1 µJ and 10 µJ, as well as TEM images of non-irradiated and irradiated NSts. The extinction spectrum of NSts after irradiation with a laser pulse energy of 1 µJ remains unchanged, which proves the absence of particle melting and fragmentation upon this irradiation. The transformation of GNPs shape under nano-pulse irradiation (from μJ to mJ) was demonstrated for gold nanorods 18 and nanostars 19 by use of TEM and optical absorption. In both cases, the authors showed transformation of GNPs to nanospheres.
Based on these results, we explored the scan-ns-laser with the single pulse energy ranging from 0.1 to 1 µJ for cell optoporation. Taking into account a 20-μm diameter of a single HeLa cell, we added DMEM medium with layer thickness over cells nearly 2 mm, then focused the laser beam on cell layer, 2 mm 6 below the medium surface. The exposed area of 4×4 mm 2 was scanned point by point in line mode with a scanning parameters shown in Table, 
Conclusion
We have proposed and demonstrated an optimized NIR resonant optoporation of biological cells by using gold nanostars in combination with the laser beam scanning. The use of nanosecond laser working in a scanning mode ensures precise control for GNP-mediated optical cell permeabilization. In particular, the perforated cells were presented within the irradiated area only. Gold nanostars are shown to be more effective optoporation agents than gold nanorods. The obtained results can be useful for further development of GNP-mediated optoporation technology, which combines precise spatial and temporal control for laser irradiation with high optoporation efficiency and small side temperature effects. These properties are promising for possible applications to delivery of transfection substances into cells.
